Recently there has been a resurging interest in developing multi-functional drugs to treat diseases with complex pathological mechanisms. Such drug molecules simultaneously target multiple etiologies that have been found to be important modulators in specific diseases. This approach has significant promise and may be more effective than using one compound specific for one drug target or, by a polypharmaceutical approach, using a cocktail of two or more drugs. Polycyclic ring structures are useful as starting scaffolds in medicinal chemistry programs to develop multi-functional drugs, and may also be useful moieties added to existing structures to improve the pharmacokinetic properties of drugs currently used in the clinic or under development. This review attempts to provide a synopsis of current published research to exemplify the use of polycyclic compounds as starting molecules to develop multi-functional drugs.
INTRODUCTION
Despite significant advances in drug discovery technologies there remains a significant number of diseases in which challenges exist in finding effective drugs for their treatment or prevention. For example, in the case of neurodegenerative diseases, such as Parkinson's or Alzheimer's disease, multiple etiologies may lead to cell death that is associated with these diseases. Such pathologic multiplicity may account for the difficulty in developing a therapy that may prevent (neuroprotect) damage to, or save (neurorescue) brain cells, since most modern drug development programs are aimed at targeting one specific pathological process in a disease pathway. Therefore, it can be argued that the classic "silver bullet" concept of drug design may have to be reconsidered, and an additional approach added to drug discovery paradigms that can aptly be described as a "magic shotgun" approach.
Recently, there has been a paradigm shift in drug design with a move toward developing multifunctional drugs. [1] [2] [3] [4] There has already been a move by some companies in the pharmaceutical industry to combine two compounds into one formulation, an expansion of the earlier concept inherent in polypharmacy (i.e., administering two or more drugs as separate medicines). Examples include the combination of a ␤-adrenergic agonist salmeterol with a steroid fluticasone (Advair, GlaxoSmithKline, London, UK) in the treatment of asthma or combining the cholesterol absorption inhibitor ezetimibe (Zetia, Merck & Co., Inc., NJ) with the HMG-CoA reductase enzyme inhibitor simvastatin (Zocor, Merck & Co., Inc.) to render Vytorin (Merck & Co., Inc./Schering-Plough Corporation, NJ). Conventional wisdom would suggest that the use of a combination medicine may improve patient compliance over traditional polypharmacy, but conversely there may also be an increased risk and even likelihood of introducing more side effects, drug-drug interactions, and exacerbation of drug toxicity. 5, 6 To minimize adverse drug interactions, a drug candidate could be designed as one compound that targets multiple disease mechanisms. These multi-functional ligands may perform better in diseases with complex pathological pathways, in which a one "disease, one drug" 3 paradigm has not been met with success. In addition, some multifunctional drugs may work better at normalizing the pathology than a single targeted compound would. For example, the recently introduced "triple" neurotransmitter reuptake inhibitor PRC200 was developed since it was hypothesized that compounds that simultaneously inhibit serotonin, norepinephrine, and dopamine reuptake into the pre-synaptic terminal may shorten the time required for activity to manifest in patients. These compounds could be more efficacious than the "single" (e.g., citalopram) or "dual" (e.g., duloxetine 7 ) neurotransmitter reuptake inhibitor approach in the treatment of depression (FIG. 1) . 8 -10 An example of a multi-functional drug design program to treat neurodegenerative disease is the development of iron chelators with radical scavenging activity, as well as monoamine oxidase (MAO) inhibition (HLA-20). 11, 12 By combining the antioxidant chelating moiety of 8-hydroxyquinoline of the brain permeable iron chelator VK-28, with the propargyl moiety found in the MAO inhibitors, HLA-20 became a lead compound for neuroprotective studies in Parkinson's disease and Alzheimer's disease pathology (FIG. 2) . The reason these compounds seem to have significant benefit in these diseases, can be traced to the role played by iron to generate free radials and reactive oxygen species that precede the death of neurons. 13 These compounds are therefore neuroprotective by virtue of 1) chelating the iron, and 2) scavenging any free radicals generated in the neuron.
A recent review suggested that there is a significant increase in the publication of reports on multi-functional/ designed multiple ligand drugs in the medicinal chemistry literature surveyed between 1990 and 2004. 3 This trend may have been initiated by a concurrent surge in neurodegenerative disease and cancer literature, which postulates that these complex diseases may need agents that target disease pathways at multiple points. Although none of these designed drugs have reached the market yet, recent literature suggests this approach to be very promising. 3, 4 One question for the medicinal chemist becomes "where to start?" In a review by Morphy and Rankovic, 3, 4 the authors describe mechanisms of designing multifunctional drugs. It is suggested that multifunctional drugs can be designed by starting from a single compound or from two compounds. In the case of the former approach, changes can be made (e.g., functional group changes) that are known to improve activity toward an alternative drug target. The second method entails the consideration of two compounds, each endowed with activity toward the drug targets needed for modulation and conjoining the structures. The simplest way to achieve this combination is by linking the two compounds. As an example, Jacobson et al.
14 addressed the role of adenosine A 1 and A 3 receptors during cardiac ischemia by linking A 1 and A 3 adenosine receptor agonists (FIG. 3) . Similarly, the group of Scammells published the synthesis of bivalent adenosine A 1 receptor ligands, and ␤2-adrenergic ligands using a linker system. 15 Another way of designing multifunctional drugs 1,16 -22 is exemplified by the development of ladostigil (TV3326) [23] [24] [25] [26] [27] (FIG. 4) , which was designed to treat dementia and depression associated with neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease. The design was derived from the combination of structurally active moieties of the acetylcholine esterase (AChE) inhibitor rivastigmine (i.e., the carbamate) with the monoamine oxidase B (MAOB) inhibitor deprenyl (a propargylamine). These two structural contributors to the design of ladostigil have both been shown to possess neuroprotective activity in vitro and in vivo. 28, 29 Another question is: "What scaffolds could I start with to generate a congeneric series of compounds for structure-activity relationship studies?" Polycyclic com- pounds have been found to be useful scaffolds in chemical structure manipulation in the development of multi-functional drugs. For example, the carbazole ring structure of the antihistamine dimebon has shown promising activity in the treatment of Alzheimer's disease. 30, 31 Although the comprehensive mechanism of the drug still needs to be elucidated, L-type calcium-channel antagonism, NMDA antagonism, and AMPA antagonism may play a part in its multifunctional scope of action.
32,33

PENTACYCLOUNDECANE AMINES
The pentacycloundecylamines are polycyclic cage amines derived from reductive amination of Cookson's "bird cage" diketone (FIG. 5, 1) . 34 -37 These pentacycloundecylamines have shown to be versatile scaffolds yielding compounds that can target ion channels, second messenger receptors, enzymes, and virus inhibition. 38 The cage scaffold is derived from the Diels-Alder reaction between p-benzoquinone and cyclopentadiene followed by UV photocyclization (FIG. 6) . 34 -37 A prominent biologically active pentacycloundecylamine, is NGP1-01 (FIG. 5, 2) , which has been shown to be a multifunctional ion-channel blocker. 39, 40 It was first characterized as a voltage-gated calcium-channel blocker in the late 1980s by the group of Van der Schyf. 39 Initial investigations with NGP1-01 were based on electrophysiological experiments in isolated guineapig papillary muscle and sheep Purkinje fibers. NGP1-01 showed activity that classified this compound as a frequency and voltage-dependent calcium-channel blocker with a mechanism favoring open channel block. Thus, the activity seemed to be related to that of the widely used dihydropyridine calcium-channel blockers, such as nimodipine. NGP1-01 also caused PQ interval prolongation and increased atrioventricular conduction in the heart. Therefore, NGP1-01 may have use in treating heart arrhythmias.
The structure-activity relationships of NGP1-01 derivatives for the voltage-gated calcium-channel blocker were investigated in greater detail. 41 Whole-cell voltage clamp experiments on guinea pig ventricular myocytes were again used to examine the calcium-channel blocking effects for this set of compounds. Structure-activity relationships (SAR) found in the series appeared to be dominated by geometric or steric constraints rather than by electronic considerations. For example, inhibition of the calcium current was more pronounced with substitutions that occurred in the ortho or meta positions. Para substituted compounds showed similar activity to that of "unsubstituted" NGP1-01. Improved inhibition of the calcium current was observed for compounds with enlarged polycyclic cages (FIG. 5, 3) . In addition, molecular modeling studies not only confirmed the observation that size and geometrical conformation (e.g., surface area and volume) are of particular importance for calciumchannel blocking activity, but indicated that electronic characteristics (e.g., molar refractivity and polarizability) should be accounted for as well.
6-Benzylamino-3-hydroxyhexacyclo-[6.5.0.0 3, 7 . 0 4, 12 .0 5, 10 .0 9,13 ]tridecane (FIG. 5, 3 ) was characterized when it was evaluated for activity on other ion channels. 42 Electrophysiological evaluation of 3 (FIG. 5) for potassium and sodium channel blocking was carried out in the guinea pig cardiac papillary muscle. Little selectivity was found toward the ion channels investigated. At the test concentrations used (10 -50 M), inhibition of ion current was observed for L-type calcium channels, sodium channels, and the fast component of the delayed rectifier potassium channel. No effects were observed for the T-type calcium channel or for the inward rectifier and slow component of the delayed rectifier potassium chan- 14 nels. From these data, it was suggested that this compound may have clinical relevance in the treatment of cardiac arrhythmias through its effect on potassium and calcium channels. This conclusion was made based on recent data that suggested that combining potassium and calcium-channel blocking reduces the pro-arrhythmic tendencies of selective class III antiarrhythmic agents. 43, 44 In addition, this compound could have potential in neuroprotective therapy due to antagonism of both the sodium and calcium channels. 45 Medicinal chemistry intuition led to the investigation of the structural similarity between the polycyclic cage of NGP1-01 and the N-methyl-D-aspartate (NMDA) receptor antagonist memantine.
46 NGP1-01 was therefore screened in a biochemical functional assay to assess NMDA receptor activity. In this study, compounds were evaluated for antagonism of NMDA-mediated 45 Ca 2ϩ influx into synaptoneurosomes prepared from whole mouse brain. In these experiments NGP1-01 proved to be the most potent compound with an IC 50 value of 2.98 M, comparable to that of the reference compound memantine, which had an IC 50 value of 3.05 M in the assay used. SAR for aromatic substitution showed that compounds with meta substitution were more active than ortho-and para-substituted derivatives. Similar to other L-type calcium channel antagonists, steric considerations in NMDA receptor antagonism again appeared to be more important than electronic effects. 41 An increase in the polycyclic cage size from a pentacycloundecane structure to a tridecane structure 3 was accompanied by a 10-fold decrease in potency (2.98 M for 2 vs 36.22 M for 3) (FIG. 5) . This finding suggested that there may be a limitation on the volume of the polycyclic cages to "fit" into the NMDA ion channel pore. Also, data suggested that blockade of the NMDA channel by these compounds was consistent with uncompetitive antagonism, similar to that reported for memantine. It was previously reported 47 that memantine shares the phencyclidine (PCP)/tenocyclidine (TCP)/MK-801/ketamine binding site inside the NMDA channel pore. Radio-ligand . Further studies will have to elucidate the interaction between the cage compounds and the NMDA channel, because the functional block of calcium uptake was observed.
The dual ion-channel blocking activity of NGP1-01 was investigated in vivo and in vitro.
40 NGP1-01 inhibited depolarization-induced calcium influx by 78% in cortical neurons preloaded with fura-2 AM, with a potency similar to that of nimodipine, while simultaneously inhibiting NMDA-induced (1 mM) calcium influx by 52%. This is only slightly less potent than memantine, which was used as a control compound. In vivo microdialysis data showed that choline release during NMDA infusion was consistent with excitotoxic membrane breakdown. Intraperitoneal injection of NGP1-01 (40 mg/kg) reduced NMDA-induced membrane breakdown by 31% (p Ͻ 0.01), whereas memantine (10 mg/kg) reduced choline release by 40%. These results demonstrate that NGP1-01 simultaneously blocks both major neuronal calcium channels and is brain-permeable after peripheral administration. This dual mechanism of modulating calcium entry into neuronal cells might suggest that NGP1-01 may have use as a neuroprotective agent in AD and other neurodegenerative diseases. Neuroprotective activity for NGP1-01 was recently confirmed in vivo using the middle cerebral artery occlusion mouse model of stroke. It was shown that NGP1-01, administered 30 min before middle cerebral artery occlusion, afforded significant protection against cerebral ischemia-induced brain lesioning, as well as brain swelling measured 24 h after middle cerebral artery occlusion. 48 These data were also confirmed in a transient model of stroke where treatment was administered up to 48 h after stroke induction and reperfusion, with similar results. 49 Protection against a neurotoxin was also evaluated using polycyclic cage amines. 50 The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) parkinsonian mouse model has been used extensively to test for neuroprotective agents. [51] [52] [53] A small series of pentacycloundecyl amines were administered to C57BL/6 mice at 300 mg/ kg, after which MPTP was injected at 35 mg/kg. One of the compounds, the phenylethylamine derivative, showed statistically significant neuroprotection 1 week after MPTP was administered, as determined by measuring dopamine levels in the striatum. MPTP is a pro-toxin, which is converted to its active metabolite (MPP ϩ ) via the enzymatic conversion by monoamine oxidase B (MAOB). MPP ϩ enters pre-synaptic terminals via the dopamine re-uptake transporter (DAT). To investigate possible mechanisms through which neuroprotection in the MPTP model occurs, the pentacycloundecylamines were evaluated for DAT inhibition (in murine synaptosomes), as well as MAOB inhibition (in baboon liver MAOB). 50 The phenyl-ethylamine derivative, which showed neuroprotective activity in vivo was able to inhibit dopamine uptake with an IC 50 value of 23 M. Inhibition of MAOB was observed to be 50% at 300 M. This suggests that DAT inhibition is the likely mechanism by which neuroprotection was afforded in the mouse model.
The polycyclic cage is also a novel scaffold for developing sigma receptor antagonists. Based on data suggesting that the polycyclic cage amantadine binds to the sigma binding site with a Ki of 20.25 M, and memantine with 19.98 M 54 , several pentacycloundecaneamines were assayed for sigma binding. 55, 56 The series consisted of aza-type pentacycloundecylamines, as well as a set containing a secondary amine and a ketal group. Sigma binding for these compounds was shown to range from 17 nM into the high nM range. Compounds with a secondary amine and ketal moiety seem to prefer binding to the sigma-1 site versus the sigma-2 site. The most potent (FIG. 5, 4) of the series was found to bind with a Ki of 17 nM. For the aza-pentacycloundecanes, one compound (ANSTO-14) was shown to be the most potent with a Ki of 9.4 nM. Structure-activity relationships for these compounds suggest that for sigma-1 selectivity, a two-carbon linker between the polycyclic cage and the aromatic ring is preferred, whereas a one-carbon linker is preferred for the sigma-2 binding site. In addition, it appears that meta-position substitution on the aromatic ring is important, especially for the sigma-2 binding. The effect of meta-position substitution with regard to substituents were found to be FϾClϾBrϾIϾHϾCH 3 .
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Some aza-pentacycloundecylamines have been tested in vivo in an effort to develop cocaine addiction therapeutics. 57 Two meta-fluoro substituted aromatic pentacycloundecylamines (FIG. 5, 5 and 6 ) were evaluated together with cocaine in behavioral studies with rats. The meta-fluoro phenylethylamine derivative 5 (FIG. 5) showed attenuation of the locomotor stimulating effect of 20 mg/kg cocaine with an ID 50 of 36.5 mg/kg. The study suggested that compound 5 (FIG. 5) acted on the sigma-1 receptor system. In contrast, the meta-fluoro benzylamine derivative (FIG. 5, 6 ) caused increase in locomotion, with an ED 50 of 0.94 mg/kg, and did not attenuate the stimulating effect of cocaine. The findings suggested that compound 6 (FIG. 5) acted on the sigma-2 receptor system. These results corroborate the binding data, which showed compound 6 to have selectivity (sigma-1/sigma-2) of 0.03 and compound 5 (FIG. 5) , of 7.6.
Furthermore, the aza-pentacycloundecylamines, which have sigma binding affinity, were shown to modulate (1) is derived from the Diels-Alder reaction between p-benzoquinone and cyclopentadiene followed by UV photocyclization.
amphetamine-stimulated dopamine release in striatal brain slices, with relatively low binding to the DAT. 58 This led to the evaluation of compound 5 and 6 (FIG. 5) in the 6-hydroxydopamine rat model of Parkinson's disease. For both compounds, a decrease in locomotor activity was seen, which was suggested to indicate sedative or anxiolytic activity. Immunohistochemistry on brain slices with tyrosine hydroxylase as the marker failed to show any neuroprotective activity by these compounds.
TRISHOMOCUBANES
The trishomocubanes are a unique structure in that they display D 3 stereoisomerism (FIG. 7) . These "stabilomers" 59 seem to have similar properties as the pentacycloundecanes, with the ability to be used for multiple drug targets. In earlier work, trishomocubanes were tested for anti-Parkinson activity. 59, 60 It was found that these compounds showed anti-cataleptic activity in the range of 10 to 34 mg/kg for ED 50 , as well as anticholinergic activity in the range of 10 to 100 mg/kg. The control compound for this study, amantadine, was found to exhibit similar activity ranges with an ED 50 of 17 and 100 mg/kg for anti-cataleptic and anti-cholinergic activity, respectively.
In addition to the anti-parkinsonian activity, anti-viral activity was also seen for these compounds. In a study done by Oliver et al., 61 4-amino-trishomocubanes displayed anti-viral activity against three different virus types, which included Herpes simplex I and II, influenza A2/Taiwan, and the Rhino 1A virus, which were comparable to the control agents amantadine and acyclovir. Liu et al. 58 evaluated a trishomocubane compound for amphetamine-induced dopamine release and found both DAT binding (Ki ϭ 623 nM) and sigma-1 binding affinity (Ki ϭ 3 M) for this compound.
TRIQUINYL AMINES
The triquinyl system is the product of a thermal ringopening of the pentacycloundecane cage skeleton. These triquinanes are part of the sesquiterpenoids due to the fused five-member rings (FIG. 8) . 62 After NGP1-01 was found to be a voltage-gated calcium-channel blocker (as previously mentioned), Liebenberg et al. 63 evaluated the triquinanes for similar activity. The compounds tested were able to suppress the action potential (AP) in guineapig papillary muscle. Clear differences in the side chain were seen, which suggest that these compounds are amenable to SAR studies, with the benzylamine-containing compound completely suppressing the AP, whereas the introduction of an aliphatic side chain resulted in a compound that was only able to suppress the AP by 50%. When a series of amine-triquinane derivatives were screened against M. This suggests that these compounds may interact with both the voltage-gated calcium channels, as well as the NMDA receptor.
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ADAMANTANE AMINES
The adamantane structure has been of interest to medicinal chemists since the early 1960s when it was introduced to the clinic for the treatment of influenza in the form of amantadine (1-aminoadamantane). The history of the adamantane polycyclic cage in chemistry did not take off until Schleyer 65 reported a synthetic route to derive these "diamondoids" (adamantane's structure mimicks the lattice structure of diamond). 66 Although amantadine was first used clinically to treat the influenza virus, serendipitous observation by a clinician led to the observation that Parkinson's disease patients who were treated with amantadine for the flu had improved symptomatology. 67 Another important polycyclic cage amine, is memantine, an amino-adamantane used to clinically treat Alzheimer's disease. 68 -71 This polycyclic cage amine is an NMDA receptor antagonist. The NMDA receptor is associated with a calcium-ion channel, which when activated by the endogenous excitatory amino acid glutamate, allows the entry of calcium ions into neurons. 71 Although NMDA receptor antagonists have historically been plagued by an unfavorable side effect profile (e.g., hallucinations from phencyclidine [PCP, "angel dust"]), memantine is well-tolerated due to its fast on-off binding kinetics and uncompetitive antagonism. With uncompetitive antagonism, memantine only blocks calcium flux when the ion channel is in the open state. 70 Neuronal cell death occurs when excessive stimulation by glutamate leads to excessive influx of calcium ions into neuronal cells. This excess of calcium leads to cell death by inducing apoptotic cell death cascades. 69, 71 Memantine's ability to modulate this excitotoxicity via the NMDA receptor is believed to be its major pharmacological mechanism of action in Alzheimer's disease.
Recently it was found that the NMDA receptor can be modulated by S-nitrosylation, whereby excessive activity can be downregulated. 69, 72 These findings led to the synthesis of aminoadamantane nitrates (FIG. 9, 7) envisaging the treatment of neurodegenerative diseases with   FIG. 9 . The findings that NMDA receptor can be modulated by S-nitrosylation, whereby excessive activity can be downregulated, 69, 72 led to the synthesis of aminoadamantane nitrates (7) . However, the potency found was weaker than the positive control isosorbide dinitrate (8) .
dual NMDA receptor antagonism, as well as NMDA S-nitrosylation. 73 Unfortunately, no mention was made of the exact chemical structures of the compounds tested in this study, but it was suggested that the compounds tested were able to antagonize the NMDA receptors and stimulate the release of NO. However, the potency found was weaker than the positive control isosorbide dinitrate (FIG. 9, 8) . Additional mention was made suggesting that neuroprotective activity has been observed for these aminoadamantane nitrates (FIG. 9, 7) .
From a medicinal chemist's point of view, the adamantyl moiety can be used either as a scaffold for development of therapeutic agents, as can be seen from the examples of memantine and amantadine, or as a modifier of the pharmacokinetics of a compound. In the latter case, the addition of the adamantyl group to carboxylic acids helped decrease cholinesterase hydrolysis. 74 Another example of where the adamantyl moiety can either be used to increase the lipophilic nature of a compound or add steric bulk has been reported where researchers have attached the adamantyl moiety via an ester bond to the AIDS therapeutic drug zidovudine. This conjugate significantly improved blood-brain barrier penetration of the drug into the CNS. 75 The adamantyl structure has yielded many compounds in the past 50 years directed toward many different drug targets. FIG. 10 76 -80 shows some of the drug targets and drug candidate examples targeting these. A good example of a case in which the addition of the adamantyl group to a compound yielded a candidate compound with a better pharmacokinetic profile was with the discovery of saxagliptin (BMS-477118) (FIG. 11) , 81 which has now entered phase III clinical trials. The ␤-quaternary cycloalkylglycine-based inhibitors of dipeptidyl peptidase IV revealed poor bioavailability even though the inhibition of dipeptidyl peptidase IV was potent. By the inclusion of the hydroxyadamantyl moiety to the cyanopyrrolidine, the oral bioavailability dramatically in -FIG. 10 . The adamantyl moiety has been incorporated in a variety of compounds, which act at various drug targets, ranging from neurotherapeutics to anti-cancer drugs. References are: anti-hyperglycemic 76 ; anti-oxidant/NMDA antagonist; chemotherapeutic agent 77 ; mGlu1 receptor antagonist 78 ; steroid sulfatase inhibitor 79 ; anxiolytic/antidepressant. 80 creased (from Ϯ5 to 75%) while still retaining activity (Ki ϭ 0.6 nM).
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CONCLUSIONS
In the recent move to design ligands targeted toward a multitude of sites specific to a particular disease's etiological pathway, several promising new lead compounds have been identified that are able to modulate several of the drug targets. These compounds are more likely to be effective in diseases such as Alzheimer's and Parkinson's disease or in cancers due to the etiological complexity inherent in these diseases. Many drugs with high selectivity to one drug target have not been met with the successes expected in these complex diseases. The polycyclic cage structure seems to be ideally suited for developing multiple mechanism drugs, as it can both serve as a scaffold for the drug molecule proper, or as a moiety that may be added to improve the pharmacokinetic properties of drugs currently used in the clinic, or drug candidates under development.
FIG. 11. Saxagliptin (BMS-477118
) is a good example of a case in which the addition of the adamantyl group to a compound yielded a candidate compound with a better pharmacokinetic profile.
